Abstract-In weather forecasting, current and past observa---tional data are routinely assimilated into numerical simulations to produce ensemble forecasts of future events in a process termed ''model steering''. Here we describe a similar approach that is motivated by analyses of previous forecasts of the Working Group on California Earthquake Probabilities (WGCEP). Our approach is adapted to the problem of earthquake forecasting using topologically realistic numerical simulations for the strike-slip fault system in California. By systematically comparing simulation data to observed paleoseismic data, a series of spatial probability density functions (PDFs) can be computed that describe the probable locations of future large earthquakes. We develop this approach and show examples of PDFs associated with magnitude M [ 6.5 and M [ 7.0 earthquakes in California.
Introduction
In a series of reports, the Working Group on California Earthquake Probabilities (WGCEP) have computed probabilities of major earthquakes on California faults over a 30-year period.
1,2 These forecasts are used to set insurance rates and by emergency response planners and policymakers. A review of the reports (FIELD, 2007) describes common features, differences and assumptions of these studies. FIELD (2007) concludes by advocating the use of numerical simulation-based approaches to the problem of multi-decadal earthquake forecasting. An analogy may be drawn to weather and climate forecasting. Weather and seismicity are both complex, chaotic phenomena. Current weather patterns are routinely extrapolated to forecast several days into the future. These forecasts utilize numerical simulations of atmospheric behavior. Here we develop a similar approach by using Virtual California, a topologically realistic numerical simulation of strikeslip faults in California, to develop a series of spatial probability density functions (PDFs) that describe the probable locations of future large earthquakes.
The WGCEP Approach
As summarized by FIELD (2007) , the WGCEP approach has been to (1) define a series of geological fault segments; (2) use paleoseismic and other data to determine the mean earthquake recurrence interval on each segment; (3) assume a set of statistical distributions to describe the recurrence statistics; (4) compute the probability of multi-segment ruptures, assuming statistical independence of fault segments; and (5) adjust the results to reflect the time-dependence of the earthquake cycle (FIELD, 2007) . The result is a set of probabilities for the occurrence of earthquakes M [ 6.5 over the next thirty years.
The WGCEP approach assumes that earthquakes occur on geologically-defined fault segments, that earthquake ruptures rarely jump between fault segments, and that earthquake clustering can be discounted (FIELD, 2007) . However, earthquake clustering is an established consequence of earthquake dynamics (MARCO et al. 1996; ZHUANG et al., 2004) and there are recent examples of earthquake ruptures jumping between fault segments, for example the 1992 M 7.3 Landers earthquake (WALD and HEATON 1994) -PHILLIPS et al., 2003) . The methods for including uncertainty in the modeled probabilities are problematic (PAGE and CARLSON, 2006) .
The Virtual California Simulation Approach
Here we propose a method for computing probabilities using the type of simulation-based approach (RUNDLE, 1988; RUNDLE et al., 2001 RUNDLE et al., , 2002 RUNDLE et al., , 2004 RUNDLE et al., , 2005 RUNDLE et al., , 2006 ; VAN AALSBURG et al., 2007) advocated by FIELD (2007) . Virtual California (VC) is a topologically realistic numerical simulation of earthquakes occurring on the San Andreas fault system. It includes the major strike-slip faults in California (Fig. 1) . The approach using simulations such as VC is similar to the WGCEP approach. It begins with a series of faults divided into interacting fault elements, and uses paleoseismic and other data to set the frictional properties on each element. We then conduct a series of numerical simulations that attempt to reproduce the statistics and variability of the actual fault system. We search through the simulations to identify sequences of earthquakes that optimally represent the known earthquake history; and use the simulation data to measure the statistics and probabilities for future earthquake occurrence in space and time. The result is a set of probabilities for the occurrence of earthquakes of any size larger than the cutoff over user-selected future time-intervals. The probabilities determined by the simulations are time-dependent, implicitly include the effects of fault interactions, and are based on the same published data available to the WGCEP.
For this study, the VC fault model is composed of 650 fault boundary elements, each of 10 km width and 15 km depth. Elastic dislocation theory is applied to model fault element interactions. VC is a ''backslip'' model. The accumulation of a slip deficit on each element is prescribed using available paleoseismic and instrumental data so that the long-term rate of slip is matched, on average, by the observed rate of stress accumulation on the faults (SAVAGE and PRESCOTT, 1978; RUNDLE and KANAMORI K K , 1987; RUNDLE, 1988) . The mean recurrence time of earthquakes is determined using available data, to define friction law parameters. The friction law has several parts, including Mohr-Coulomb stick-slip properties; small amplitude, stable aseismic slip that increases as stress increases; and a stress-rate dependent failure criterion based upon laboratory studies of the functional form of the dynamic stress intensity factor. Fault interactions lead to complexity and statistical variability. Earthquake triggering, or initiation, is controlled by friction coefficients along with the space-and time-dependent stresses on fault elements which are computed by boundary element methods. Historical 
